PACS 78.47.J--Ultrafast spectroscopy (<1 psec) PACS 74.25.Jb -Electronic structure (photoemission, etc.) PACS 71.38.-k -Polarons and electron-phonon interactions
Introduction. -In the past decade, the advancement of laser technology has allowed the extension of spectroscopic tools into the time domain. This has opened a new range of opportunities, especially when it comes to the study of complex materials where more than one interaction is at play and degrees of freedom are often strongly intertwined. This has lead to an unprecedented access to fundamental elementary interactions in materials at their natural time scales. Among them major emphasis has been dedicated both theoretically and experimentally to the study of electron-phonon coupling that drives new ground states such as superconductivity, Peierls transition etc.
Angle-resolved photoemission spectroscopy (ARPES) is the ideal tool to study the electron-phonon interaction, as it can directly probe the quasiparticles dispersion, Fermi velocity, and self-energy renormalization. Moreover, its ability to resolve such interactions in a momentum space provides unique information on the anisotropy of such interaction. Given the recent extension of ARPES to the time domain, indeed, electron-phonon coupling can be measured and disentangled from other energy/time scales by directly measuring the relaxation channels of hot electronic distribution in a transient state [1] [2] [3] .
The electron-phonon coupling is also a limiting factor of intrinsic mobility of charge carriers via ultrafast energy dissipation [4] [5] [6] . Especially in metals, the electron-phonon coupling leads to a faster relaxation of excited electrons through emitting phonons, when the energy of the excited electrons is higher than the phonon energy. This relatively slower and faster dynamics across the phonon energy generates an energy cut-off in the transient spectra, also known as cut-off energy, and observed in high-temperature superconductors [7, 8] . However, most of the experimental works so far have focused on the relaxation dynamics of superconductors. In order to have a full understanding and be able to disentangle other interactions, we first need to learn how electron-phonon interaction, in general, responds to photo-excitations.
Here, a metallic system has been examined using timeresolved ARPES (tr-ARPES). Due to an optical excitation, electrons are injected in the unoccupied states, Fig. 1 : (a), (b): equilibrium (a) and transient (b) ARPES intensity maps taken at t = −1.2 ps and t = 0.3 ps, respectively. Both energy maps were taken along the diagonal direction of the Brillouin zone denoted by the red line in the inset of panel (a). Pump fluence is 30 μJ/cm 2 . The red curve is the Lorentzian fit to momentum distribution curves taken from the ARPES intensity map measured at t = −1.2 ps and the black dashed line is a guide to the eyes. The phonon energy is denoted byhω0. (c) Energy distribution curves for equilibrium (blue) and transient (red) maps taken at different momentum values from k1 to k7 denoted in panel (a).
transferring spectral weight toward lower-energy states via emitting phonons. In contrast with the predicted behavior [9, 10] and experimental observation in cuprates superconductors [3, 7] , we find that, in the metallic state, the relaxation process gradually increases as the excited carrier density increases (e.g., by increasing the pump fluence), without a clear energy cut-off that distinguishes slow vs. fast dynamics across the phonon energy. These results point to the need for a more complete theoretical framework to understand the electron-phonon interaction in a photo-excited state as well as more detailed work to understand the role that such cut-off energy can play for superconductivity [10] .
Methods. -The time-resolved ARPES measurements were performed at 17 K on heavily overdoped Bi 1.76 Pb 0.35 Sr 1.89 CuO 6+δ , which is known to be in a metallic phase. The laser system is a cavity-dumped, mode-locked Ti:sapphire oscillator (Coherent Mira) generating ≈150 fs pulses at 840 nm at a repetition rate of 54.3/n MHz (n = 1, 2, 3, . . .), whose details are described elsewhere [11] . A transient state is created with an infrared laser pump pulse with an energy of 1.48 eV and measured via photoemission process as a function of the delay time with a resolution of 300 fs using an ultraviolet probe pulse with an energy of 5.9 eV. The energy and momentum resolutions are 22 meV and 0.003Å −1 , respectively. The pump fluence is varied from 4 to 24 μJ/cm 2 .
Results and discussion. -Figures 1(a) and (b)
show equilibrium and transient ARPES intensity maps at t = −1.2 ps and t = 0.3 ps, respectively. Here t = 0 represents the time when pump and probe pulses are applied to the sample simultaneously. Negative time refers to equilibrium spectra, e.g., spectra taken before the arrival of the pump pulse, while positive time refers to transient spectra, e.g., after the sample has been excited by the pump pulse.
The data were taken along the Brillouin zone diagonal denoted by the red line in the inset of fig. 1 (a), using a pump fluence of 24 μJ/cm 2 . The sample temperature in the equilibrium state was T = 17 K, measured using a diode thermally connected to the sample. In both maps, one can identify a characteristic energȳ hω 0 ∼ 70 meV (denoted by an arrow) that separates a well-defined and poorly defined dispersive features above and below it, respectively, with different slopes (the black curve is a Lorentzian fit to momentum distribution curves and the black dashed line is an arbitrary straight line for the guide to the eyes). The change in the slope of the energy spectra, so-called a kink, is a universal feature of cuprates due to electron-phonon coupling, especially in the absence of competing phases against superconductivity in the heavily overdoped regime [12] . The main effect of the pump pulse is to change the spectral intensity. fig. 2(b) . However, the intensity change persists beyondhω 0 down to E − E F ∼ −100 meV (denoted by a black arrow). Upon decreasing the pump fluence, the cutoff energy is also decreasing to ∼ −50 meV at 8 μJ/cm 2 as shown in fig. 2(d) and ∼ −30 meV at 4 μJ/cm 2 as shown in fig. 2 (e). The overall decrease of ΔI is due to the decreasing pump fluence that excites less electrons to a transient state. Additionally, the cut-off energy above E F is far belowhω 0 at 24 μJ/cm 2 as denoted by a gray arrow in fig. 2 (b) and approaches toward E F with decreasing pump fluence. Such a spectral change cannot be explained by thermal smearing of the Fermi edge due to the transient heating effect by the pump pulse, because the observed cut-off energy is higher than the cut-off energy expected from the electronic temperature (T e ) increased by the pump pulse, e.g., fig. 2(f) shows the difference of Fermi-Dirac distribution at T e from that at the equilibrium temperature, 17 K. These observations are in contrast with a proposed model where the intensity cut-off originates from the electron-boson coupling [9] . Such coupling provides a fast decay channel for electron (hole) excitations above (below) the boson energy. Highenergy excitations can decay by emitting (absorbing) a boson. Boson-mediated decay is predicted to reduce the lifetime of quasiparticles to tens of femtoseconds. Along this line, the efficacy of this additional bypass is determined by the electron-boson coupling strength, which can be measured by the kink strength. However, the kink strength of Bi 1.76 Pb 0.35 Sr 1.89 CuO 6+δ is roughly similar across different doping and temperature. This apparent inconsistency can be explained by the difference between the single-particle lifetime (which can be extracted from the self-energies) and the population lifetime (the quantity ARPES is measuring) [13] . The difference exists when an energy conserving decay channel, for instance, Coulomb and elastic impurity scattering, is present [13, 14] . When a single particle decays through such a channel where energy is retained in the electronic system, another excitation is created. As the process cascades, the population takes much longer to vanish after than the single-particle time scale.
This intensity change is accompanied by an intriguing time-dependence of the electron self-energy as shown in fig. 3 . Within the Debye model, both real and imaginary parts of electron self-energies are affected by the electronphonon coupling [15] [16] [17] . In other words, electrons acquire renormalized mass as well as enhanced scattering through the coupling to a phonon [16] . Indeed, the real part of the electron self-energy, ReΣ, shown in fig. 3(a) , obtained by subtracting a bare or unrenormalized band (assumed to be a linear band) from the measured or renormalized energy spectrum shown in figs. 1(a) and (b), exhibits a peak-like shape aroundhω 0 due to the electron-phonon coupling, consistent with previous reports on cuprates [12, 16, 17] . Upon applying the laser pump pulse at 24 μJ/cm 2 , ReΣ decreases from the blue filled circle at t = −1.2 ps to the red filled circle at t = 0.3 ps, when the difference, ΔReΣ, is denoted by the gray shaded area. ReΣ is recovered back to the almost original shape after longer delay time at t = 10.2 ps, denoted by blue empty circles. Hence, the electron-phonon coupling is suppressed upon applying a laser pump pulse by ∼14%, determined by the change of slope of ReΣ near E F , with a line fit to the data from −50 meV to −20 meV shown as black lines, and 57001-p3 recovered afterward. A similar self-energy change is observed when the pump pulse is incident on a superconducting cuprate [3] . However, a critical difference is that for a non-superconducting cuprate, the overall self-energy is depressed by the pump pulse even below the phonon energyhω 0 . On the other hand, for a superconducting cuprate, the self-energy change is prominent mostly for a self-energy peak athω 0 , whereas for the others the selfenergy change is barely observed. Figure 3(b) shows the full width at half maximum (FWHM) of the momentum distribution curves taken as a function of E − E F for the measured energy spectra shown in figs. 1(a) and (b). FWHM is considered to be linearly proportional to the imaginary part of the electron self-energy (ImΣ) by FWHM = 2|ImΣ/v|, where v is the bare velocity. Upon applying the laser pump pulse at 24 μJ/cm 2 , FWHM at E F is enhanced by ∼14%, indicating the suppression of the electron-phonon coupling.
With decreasing E −E F , however, the difference gradually decreases until it becomes negligible at E − E F ∼ 0.12 eV. Consistently with the ReΣ, while the biggest changes occur at lower binding energy, the pump-induced changes are also reflected above the phonon energy. The change in ReΣ and FWHM indicates that electronic excitation suppresses the strength of electron-phonon coupling in a transient state with respect to an equilibrium state and that the suppression is recovered as a function of time. This hinders to extract the strength of electron-phonon coupling in an equilibrium state from the dynamics of electrons in a transient state, in contrast with the claim of the previous theoretical work on a non-superconducting metal [9] .
To further understand the time-dependent electronphonon coupling, the dynamics of ΔReΣ has been studied as a function of delay time and compared to the quasiparticle dynamics as extracted from the integrated intensity above E F [7] . The area of ΔReΣ for an energy range of −0.15 eV ≤ E − E F ≤ −0.02 eV shows an initial sharp increase near t = 0 with a pump fluence of 24 μJ/cm 2 that is relaxed with increasing delay time. The solid line in fig. 4(a) is an exponential least-square fit to Area (ΔReΣ) that gives a time constant, τ Area (ΔReΣ), of 0.68 ± 0.05 ps. Interestingly, the time scale, associated with the kink, is by a factor of two smaller than the relaxation time of quasiparticles: τ e of 1.22 ± 0.09 ps as shown in fig. 4(b) . A similar difference between the two time scales has been also observed for cuprates superconductors [3] . However, τ Area (ΔReΣ) is almost 5 times faster than the one in a superconducting cuprate, e.g., 3.12 ps for Bi 2 Sr 2 CaCu 2 O 8+δ [3] vs. 0.68 ps for the nonsuperconducting cuprate observed in fig. 4(a) , at the same pump fluence. In other words, the suppressed coupling between electrons and phonons is recombined even faster in a non-superconducting (and metallic) cuprate than for a superconducting cuprate. Indeed in a metallic system, the electron population resembles a thermal population that is the case of a nonsuperconducting cuprate. In contrast, when a gap opens in a superconducting cuprate, electron relaxation dynamics become coupled to the dynamics of the electron population and phase restriction processes kick in, leading to coexisting femtosecond and picosecond dynamics [18] . Clearly these results suggest that there are several mechanism at play that could provide new insights on the nature of the superconductivity and ask for more detailed theoretical works.
Summary. -We have shown that, in a nonsuperconducting cuprate, i.e., a metallic system, the electron-phonon coupling is perturbed by a femtosecond laser pump pulse in contrast with the theoretical prediction and that the perturbation is relaxed in a faster time scale compared to that in a superconducting cuprate. In addition, the suppressed coupling between electrons and phonons is recombined even faster in a non-superconducting cuprate than in a superconducting cuprate, suggesting the possibility that several mechanism may play an important role in electronic dynamics in the high-temperature superconductivity. Our results not only provide the time scale of the coupling formation between electrons and phonons in a non-superconducting system, but also invite a more complete theoretical framework to understand electron-phonon interaction in a photo-excited state. * * * 
